Wood polymer composites (WPC) have well proven their applicability in several fields of the plasturgy sector, due to their aesthetics and low maintenance costs. However, for plasturgy applications, the characterization of viscoelastic behavior and thermomechanical and thermophysical properties of WPC with the temperature and wood filler contents is essential. Therefore, the processability of polymer composites made up with different percentage of wood particles needs a better understanding of materials behaviors in accordance with temperature and wood particles contents. To this end, a numerical analysis of the viscoelastic, mechanical, and thermophysical properties of composite composed of high density polyethylene (HDPE) reinforced with soft wood particles is evaluated.
Introduction
Nowadays, due to the environmental and economic concerns, many research activities are directed towards the development of new composites based on thermoplastic matrices with plants (or their residues) reinforcement [1] . Reinforcement of composites with natural fillers has several advantages in comparison to mineral fillers including lower density, being inexpensive, and being nonabrasive. In fact, high cellulose component of natural fillers makes them easily biodegradable and recyclable. Also, cellulose fillers possess a crystalline structure which plays a positive role in the composite reinforcement. As a consequence many researchers are interested in the development of new techniques for extraction and modification of cellulose fillers from bioresources [2] [3] [4] .
In addition, cellulose has a reactive functionality that can react with coupling agents thus enhancing adhesion between the fiber and matrix [5] . Studies have also shown that the mechanical properties of composites are highly depending on the interaction between the thermoplastic matrix and distribution of loaded fillers [6] . While this interaction is well established, the loading force will be transferred from matrix to fillers more effectively.
On the other hand, the majority of modeling and simulating work of these biocomposites for their processing assumes constant thermal parameters of the materials, such as density and heat conductivity, or they do not take into account the special temperature dependency of the specific heat due to melting process. This is because the temperature dependence of these material parameters for biocomposites is not understood sufficiently so far. Since the rheological and deformation behaviors are strongly connected with the thermal behavior, it became obvious that these issues affect directly the accuracy of any simulation or modeling result.
In this regard, this work attempts to investigate, for thermoforming application, the process ability of composites made up of wood and a matrix of thermoplastic for six different proportions of wood fillers. To this end, a numerical analysis of the viscoelastic, thermomechanical, and thermophysical properties of composite composed of high density 
Materials and Methods

Materials.
The sawdust used in this study was supplied by Tembec sawmill located in Béarn (QC, Canada). It consists of 65% of white spruce (Picea glauca), 20% of black spruce (Picea mariana), and 15% of balsam fir (Abies balsamea). The particle size analysis of the sawdust is performed on more than 5000 particles using the apparatus FQA (Fiber Quality Analyser, Optest Equipment, Hawkesbury, Ontario). Table 1 shows the average geometry of sawdust. Wood flour was sieved to a diameter less than 700 microns (Ǿ < 0.7 mm). The polymer matrix is a high density polyethylene (Sclair A59), with the melting temperature of 138 ∘ C and density of 980 kg/m 3 . The coupling agent is Fusabond 226 from Dupont, which is a polyethylene grafted with maleic anhydride (melting temperature 120 ∘ C, melt flow index (MFI) of 1.5 g/10 min, under condition 190 ∘ C, 2.16 kg). The used amount of coupling agent is 3% of total weight of composite. This amount is well known to improve the homogeneity of the mixture ensuring better distribution of fibers in the polymer matrix [7, 8] . The sieved sawdust was previously dried under temperature of 105 ∘ C for 24 hours and stored in polyethylene bags. The residual moisture content in wood used for samples preparation is estimated by a second drying of 120 ∘ C for 24 h. The wood humidity amount calculated from the mass of sawdust before and after drying was found less than 3% wt.
Methods.
The composite samples were prepared using a twin-screw counter-mixer (Haake Rheometrix with roller rotors) with angular speed of 90 rpm at the temperature of 170 ∘ C. In fact, this temperature is lower than wood fibers degradation temperature (200 ∘ C) [9] . To prepare the composite material, first of all, Sclair A59 (HDPE polymer) and Fusabond (coupling agent) were mixed for 2 minutes in order to insure complete melting of the materials. Then, sawdust was added to the mixture and blended for 5 minutes. Six different sawdust proportions were investigated including 0 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt%, and 60 wt% and the total mass of composite in mixing chamber is 148 g. In the next step, flat disc samples were prepared by compression molding using a hot press at the temperature of 150 ∘ C (above melting temperature of the polymer, 138 ∘ C) with aluminum mold plates. In order to make sure the mixture is softened properly, a preload was first applied for two minutes. This preload is also beneficial for removing possible accumulated air in the material. Then, loading on the material was continued up to 8 MPa for 4 minutes to give the final circular shape of the samples with 20 mm diameter and 4 mm thickness ( Figure 1 ).
Viscoelastic Characterization of Biocomposites
Constitutive Equation.
The material deformation mechanisms that occur in plasturgy can be classified into two types: linear material response and nonlinearities due to large deformations. The linear properties refer to elastic modulus, viscosity, and deformation memory while the nonlinear part refers to damping due to large deformations.
Integral type viscoelastic models relate the true stress to strain history. These models are more appropriate for representing polymers at the semisolid or molten state. The Lodge model [10] has been developed for representing the viscoelastic deformation of viscoelastic polymers. For example, it can be used for the thermoforming of semisolid materials [1] or injection for molten state [10] .
To handle the behavior of isotropic thermoplastic composite, we apply the Lodge constitutive model [10] . For this model, the Cauchy stress tensor (t) is related, at time t, to the history of the Finger deformation tensor B( , t) by
where the Finger tensor B is related to the right CauchyGreen deformation tensor C:
F is the deformation gradient tensor, is the hydrostatic pressure, and and represent, respectively, the stiffness moduli and the relaxation time. The dependency of these models on temperature is accounted for by using the WLF function [11] .
Characterization Techniques.
The determination of material constants requires the use of different characterization techniques. The linear properties can be obtained from small amplitude oscillatory shear test [12, 13] . This technique is used to determine the storage and loss moduli of the six composites (Figure 2 ). Data were collected at different flours percentage, in the Sclair A59 matrix, of 0%, 20%, 30%, 40%, 50%, and 60%. As shown, good superposition is obtained. The dynamic moduli curves for six composites have very different shapes but shifted in frequency.
From the dynamic data, the discrete relaxation spectra for six composites were determined employing a pattern search method which minimizes the objective function, , defined:
where is the number of data points, ( ,exp , ,exp ) is available from the dynamic experiments, and ( ,fit , ,fit ) denotes the best fit values on the basis of equations:
The low-frequency behavior is dominated by the long relaxation times and the high-frequency response is controlled by the short relaxation times. This representation makes it possible to describe the linear viscoelastic behavior over a wide range of time values by means of only a few constants. The relaxation strengths , which represent the contribution to rigidity associated with relaxation times , are listed in Table 2 . 
Measurement of Heat Capacity and Specific Volume as Functions of Fillers Contents and Temperature
Heat Capacity.
Data curves of DSC analyses were used to evaluate the heat capacity of biocomposites. In Figure 3 we show the variation of specific heat capacity of the biocomposites with different fillers content as a function of temperature. We noticed that, during the melting phase, the variation of this parameter (Δ ) of HDPE-wood composites decreased compared to the matrix, for polyethylene is estimated to value 14.36 J/g⋅ ∘ C and for HDPE-60% wood fillers are equal to 6.7 J/g⋅ ∘ C as shown in Figure 3 . It could be interpreted in the ways that the wood fillers act as a hindrance of molecular chains mobility close to melting temperature. These results are similar to those reported in many studies on natural fillers polymers composites. Bendahou and coauthors have investigated the effect of filler content and coupling agent on physical properties of short palm tree fibers polyolefin composites [13] . They report a slight increase of melting temperature independently of the percentage of natural fillers and also a considerable improvement in the structural arrangement of the polymers when the concentration of reinforcements increases. According to the authors the natural fibers in the polymers act as nucleation site promoting a high degree of crystallinity of the polymer chains around the fibers.
Specific Volume.
High temperature gradient accumulated in biocomposite during shaping process leads to a high residual stresses. This residual stress results generally in geometric instability of material. Specific volume changes of the biocomposites can be used as an index to prevent geometric instability through the processing. Also numerical simulation of composite behavior, based on temperature, requires an accurate description of specific volume changes of biocomposite as a function of temperature. In this regard, we study the variation of specific volume changes as function of temperature and filler content. It is visible from Figure 4 that the specific volume increases with the temperature and decreases while the wood fillers increase. The maximum change takes place during the melting phase of polymer at a transition temperature range of about 100 up to 130 ∘ C. This is mainly due to crystallinity effects at this stage. Also, in cases of composites with high contents, the density of wood particles per unit volume increases and the level of interaction between wood particles became also important.
International Journal of Polymer Science 5 Table 3 : Linear regression of specific capacity according to the temperature and wood fillers. Table 4 : Linear regression of specific volume according to the temperature and wood fillers. Hence, in order to have analytical representations of heat capacity and specific volume based on the temperature and wood filler content, some obtained experimental data were used. In this case, based on a regression analysis the temperature region was divided into two different regions (inside and outside of the transition zone). The equations in the tables represent the best estimates of the measured experimental data. The values of the required regression parameters are listed in Table 3 for heat capacity and in Table 4 for specific volume.
Conclusion
Wood polymer composites (WPC) have well proven their applicability in several fields of the plasturgy sector, due to their aesthetics and low maintenance costs. However, for plasturgy applications, the processability of polymer composites made up with different percentage of wood particles needs a better understanding of materials behaviors in accordance with temperature and wood particles contents. In this regard, we attempt in this work to perform a characterization of viscoelastic, rheological, and thermophysical properties of WPC.
Our results indicate that the rheological and the thermomechanical properties of composites vary according to wood fillers content and temperature. Composites behavior became more elastic than viscous while wood particles percentage increases.
Also, thermophysical properties of composites (specific heat capacity and specific volume) change as function of temperature and filler content. The maximum variations take place during the melting phase of polymer. A mathematical representation of the variation of thermophysical parameters according to temperature and wood fillers is performed. This allowed us to predict the thermophysical behavior of composite at temperatures and wood fillers where it is difficult to measure experimentally.
